A key characteristic of apoptosis is its regulated nuclear degradation. Apoptosis-like nuclear degradation also occurs in the ciliated unicellular organism, Tetrahymena thermophila. Chromatin of the macronucleus undergoes massive condensation, a process that can be blocked by caspase inhibitors. The nucleus becomes TUNEL-positive, and its DNA is cleaved into nucleosome-sized fragments. In a matter of hours the macronucleus is completely degraded, and disappears. The condensed nucleus sequesters acridine orange, which means that it might become an acidic compartment. We therefore asked whether lysosomal bodies fuse with the condensed macronucleus to form an autophagosome. We monitored acid phosphatase (AP) activity, which is associated with lysosomal bodies but is not found in normal nuclei. We find that after the macronucleus condenses AP activity is localized in cap-like structures at its cortex. Later, after the degrading macronucleus loses much of its DNA, acid phosphatase deposits appear deeper within the nucleus. We conclude that although macronuclear elimination is initiated by an apoptosis-like mechanism, its final degradation may be achieved through autophagosomy. Cell Death and Differentiation (2001) 8, 289 ± 297.
Introduction
Apoptosis, or programmed cell death (PCD), is essential for the development and the homeostatic maintenance of multicellular organisms. 1, 2 It is a morphologically distinct form of cell death that can result in the rapid removal of unwanted or potentially dangerous cells. Apoptotic cells become small and compact, and their nuclei also become condensed and inactivated. Indeed, nuclear condensation is one of the hallmarks of apoptosis, and is a phenomenon of special significance to the present study.
Ciliates, like Tetrahymena, are binuclear organisms with two distinct types of nuclei, macro-and micronuclei. The polyploid macronucleus is a site of synthesis of mRNA and it governs the somatic phenotype of the cell, while the transcriptionally inactive diploid micronucleus serves as the germ nucleus. During the course of sexual conjugation in Tetrahymena, the macronucleus is degraded. The micronucleus undergoes meiosis and gives rise to haploid pronuclei, which engage in fertilization. The zygote nucleus divides and differentiates into a new micro-and macronucleus, while the old macronucleus is eliminated. Degradation of the old macronucleus occurs by a process that shares similarities to apoptotic nuclear degradation in higher cells. 3, 4 Chromatin becomes highly condensed, and DNA is digested by a mechanism that results in oligonucleosomesized fragments. 3, 4 Chromatin condensation is preceded by DNA cleavage into very high molecular weight fragments. 4 The process is under gene control, since it is blocked by inhibitors of protein and RNA synthesis. 4 The condensed nucleus contains fragments of DNA as attested by positive TUNEL staining. 4 Finally, caspase inhibitors block nuclear condensation. 5 All of these characteristics relate macronuclear elimination in Tetrahymena to apoptosis in higher organisms. Therefore, the developmentally regulated elimination of the macronucleus during sexual conjugation in Tetrahymena thermophila represents a special case of apoptosis, one where the nucleus`dies', but the cell remains alive.
During a study of living conjugants, it was observed that acridine orange (AO)-positive vesicles are preferentially localized in the posterior portion of the cell and become tightly clustered around the condensed macronucleus. 6 AO is modified by protons making it membrane impermeable. 7 Since AO accumulates in membrane-bound acidic vesicles, positively staining structures are thought to be lysosomally derived bodies. 8 AO has been used to detect apoptotic cells in Drosophila embryos, 9 suggesting that acidification may be associated with apoptosis in that system, as well.
By combining AO with Hoechst 33342, a vital stain which binds specifically with DNA, we were able to observe blue nuclei and orange lysosomal bodies (LBs) simultaneously in living cells. We discovered that after condensation the macronucleus does not stain blue like other nuclei, but appears yellow or orange. Nuclei of apoptotic avian chondrocytes also appear yellow or orange with this stain. 6 After meiosis in Tetrahymena, degenerating haploid nuclei also become yellow and orange.
Beyond the practical utility of`apofluor' in identifying dying nuclei while cells still are alive, the data suggested that apoptotic nuclei were becoming acidic, like lysosomal bodies. A number of studies have suggested an important role for acidification in apoptosis. 11 ± 13 In this system, acidification of the macronucleus might be related to its apoptosis-like degradation.
Yet how could acidification of the macronucleus be accomplished? One possibility is that the envelope of an apoptotic nucleus becomes sealed and a proton pump is activated, increasing the intra-nuclear pH. Alternatively, and more in keeping with our observations, the putative acidification of the condensed macronucleus is somehow related to the clustering of LBs around it. Lysosomal bodies might actively fuse together, then envelop and incorporate the macronucleus into an autophagosome.
If so, then we might expect lysosomal hydrolytic enzymes to become incorporated into the condensed macronucleus. To test this idea, we investigated whether acid phosphatase, a lysosomal enzyme, 14 ± 16 is localized to the macronucleus during its apoptosis-like degeneration. In the course of this study we worked out a procedure for simultaneously visualizing nuclear structures by fluorescence microscopy and opaque products of acid phosphatase activity by bright field emission. This approach might be useful for studying nuclear elimination in other apoptotic systems as well.
Using this method, we find that acid phosphatase activity does not co-localize with normal nuclei, but does colocalize with the degenerating macronucleus. This observation supports the hypothesis that the apoptotic macronucleus is transformed into an autophagosome.
Results
A diagram summarizing the main features of nuclear changes during conjugation in Tetrahymena is shown in Figure 1 . Of particular interest in the present study are stages k-p during which the chromatin of the old macronucleus becomes highly condensed, the condensed macronucleus moves, generally, to the posterior end of the cell, the DNA of the old macronucleus is digested, and the structure disappears.
Figure 2a ± c shows a set of DAPI stained conjugants to illustrate this process in actual cells. An arrow points to the regular, large macronucleus in Figure 2a ; a single zygote micronucleus is also seen in these cells (comparable to Figure 1d ). After the zygote nucleus divides twice mitotically, two developing macronuclei and micronuclei are produced (Figure 2b ). At this stage (comparable to Figure 1m ), the macronucleus is condensed (arrow) and has moved to the posterior end of the cell. In a few hours, the condensed macronucleus disappears, leaving two developing macronuclei and two micronuclei (Figure 2c ). This stage is comparable to Figure 1p .
Visualization of living cells with vital apofluor reveals that lysosomal bodies (stained orange) and nuclei (stained blue) can be seen simultaneously (Figure 3a) . We have observed that just prior to macronuclear condensation lysosomal bodies (LB's) tend to accumulate at the posterior end of the cell, and are often clustered near the macronucleus. 6, 10 After macronuclear condensation, the old macronucleus is stained yellow, a combination of blue and orange, suggesting that the nucleus has become acidified ( Figure  3b ).
When Hoechst 33342 was used together with Euchrysine, an acridine derivative which stains lysosomal bodies green, 17 the pre-condensed old macronucleus, along with four post-zygotic nuclei, were stained blue, while LBs, which concentrated at the posterior end of each cell, were stained green (Figure 4a ). This indicates that the two dyes retain their staining specificities when combined. In a later conjugant pair (Figure 4b) , with its old macronucleus already condensed, the staining pattern was altered. The condensed macronucleus was differentially stained green, similar to LBs, rather than blue. This staining procedure yielded results similar to that of apofluor, albeit with different coloration, supporting the suggestion that the old macronucleus becomes acidified upon condensation. Figure 5a shows the kinetics of pairing over a 24-h period. Cells begin to form pairs at about 1 h after mixing, and by 10 h they begin to come apart. It was previously established that, under these conditions, macronuclear degradation occurs predominantly between hours 8 and Figure 1 A diagram illustrating key stages in nuclear events during conjugation. The micronucleus moves away from its residence at the macronuclear envelope (a) and elongates to a length greater than that of the cell (b). After it contracts it undergoes meiosis to yield four haploid nuclei (c). Three haploid nuclei degenerate (d) while the remaining one divides mitotically to yield migrating and stationary pronuclei (e). After translocation (f) and nuclear fusion a zygote nucleus is formed (g). The zygote nucleus divides twice mitotically (h) to produce two developing macronuclei and two micronuclei (k), while the old macronucleus condenses and moves posteriorly (m). The old macronucleus is degraded (n) and disappears (p) 16 after mixing mating types. 4 We measured acid phosphatase activity during a 24-h period, using a colorimetric assay, 18 but found that the level was invariant (Figure 5b ). Though data from a single experiment are shown, the experiment was repeated and the results were confirmed. We conclude that there is no significant change in the amount of acid phosphatase activity during conjugation associated with macronuclear degradation.
We next conducted experiments to localize acid phosphatase. The classic Go È mo È ri method gave high contrast results, and DAPI could be successfully used to identify nuclei. However in some single cells, the nucleus Lysosomes and nuclear death E Lu and J Wolfe also stained positively for acid phosphatase, an artifact resulting from diffusion of the initial reaction product and entrapment in chromatin, before being deposited as a lead precipitate. 19 Despite a series of experiments in which we varied substrate concentrations and incubation times, it was not possible, in our hands, to eliminate this artifact. Since the test of our hypothesis depended on an ability to visualize acid phosphatase product newly associated with the condensed old macronucleus, the Go È mo È ri method was precluded from use.
With the Azo Dye method, on the other hand, nuclei were not detectable by DAPI, whether used before or after the procedure. This meant that it was not possible to see apoptotic nuclei and acid phosphatase product simultaneously. Apparently, there was some interaction between DAPI and the Azo Dye method that made it impossible to visualize DAPI. This also proved true for other fluorescent stains as well, including ethidium bromide, propidium iodide acridine orange, Hoechst 33342, and Euchrysine. (Acridine orange can be used with fixed cells to stain nuclei). 20 Apparently, the Azo Dye procedure did not just interfere with DAPI stain, but with fluorescent DNA stains in general.
However if the Azo Dye method is used after cells are fixed in 20% formaldehyde neutralized in 0.01 M phosphate buffer, pH 7.2, the same fixative we use for assaying cell pairing, rather than the 2% glutaraldehyde called for in the published procedure, double staining can be achieved. Using fluorescence together with dim brightfield illumination, we find it possible to visualize both the acid phosphatase product and DAPI-stained nuclei simultaneously ( Figure 6a ). This allowed us to test our hypothesis. Figure 6b shows a conjugant pair at 9 h after mixing mating types stained by the Azo Dye method and viewed by brightfield microscopy. Acid phosphatase product, in addition to being localized to particulate bodies in the posterior end, is also seen as an uneven ring of material in the posterior end of the cell. The same cell pair is viewed in Figure 6c by fluorescence microscopy. It is apparent that the uneven circle of black material in Figure 6b corresponds to small cap-like deposits localized to the cortical zone of the condensed degenerating macronucleus. In Figure 6d , a conjugant pair is observed simultaneously with brightfield and fluorescence microscopy. Acid phosphatase deposits completely encircle the condensed nuclei.
It is clear that an intimate association develops between lysosomes and the degrading macronucleus, but it is not possible to tell whether the lysosomal structures are pressed against the macronucleus, or whether they have actually enclosed it in an autophagosome. We therefore examined macronuclear degradation at later stages. As chromatin is digested more and more lysosomal enzyme might enter into the interior of the macronucleus. One might also expect to see an inverse relationship between the strength of the DAPI stain and the extent to which acid phosphatase has moved to the interior of the structure. This, indeed, seems to be the case. Figure 6e shows macronuclei in conjugants at 14 h after mixing mating types. In the upper cell acid phosphatase stains strongly at the condensed macronucleus and black deposits clearly co-localize with the fluorescence. This indicates that lysosomal enzyme enters into the interior of the macronucleus as digestion proceeds. Interestingly, in the bottom cell, even though the macronucleus can no longer be detected by DAPI staining, acid phosphatase deposits are located exactly where the dying macronucleus would have been, based on its position in the upper cell. This indicates that even after DNA has been digested to the point where it is no longer visible by DAPI-staining a residual entity can be detected by virtue of its acid phosphatase content. Figure 6f shows an even later stage; a single cell that had separated from a pair towards the end of conjugation. Acid phosphatase activity during conjugation, measured colorimetrically, for a 24-h period. Activity remains constant during this period indicating that there is no significant change in lysosomal content during conjugation. Bar=10 mm DAPI-stained newly developed macronuclei and micronuclei are in the middle of the cell. No discrete condensed macronucleus is visible with DAPI, and only a tiny amount of fluorescence was detected, indicating a small amount of DNA remaining. Again, acid phosphatase product is seen, revealing a residual entity that is clearly an old macronucleus in a late stage of degradation.
Discussion
These data show that the condensed, degenerating macronucleus of Tetrahymena, in addition to becoming acidic, as inferred from apofluor staining, also comes to contain acid phosphatase. Since acid phosphatase is a lysosomal enzyme, and its activity can be used to cytochemically Figure 6 (a) Localization of acid phosphatase activity using the modified Azo Dye method, showing simultaneous DAPI staining of the macronucleus with fluorescence microscopy, and dark deposits corresponding to lysosomal bodies, seen with bright field microscopy. The macronucleus is free of acid phosphatase product. (b) A conjugant pair viewed by brightfield microscopy, after staining for acid phosphatase by the Azo Dye method. Here, in addition to aggregates of granules, concentrations of dark deposits are seen in a circle at the posterior end of the cell, as if at the cortex of a condensed macronucleus. (c) The same pair viewed by fluorescence microscopy showing that the dark deposits in b are localized to condensed macronuclei, but not to developing macronuclei or micronuclei. (d) A pair of conjugant cells at 9 h after mixing, stained by Azo Dye and DAPI, and viewed simultaneously with brightfield and fluorescence microscopy. In the lower cell the condensed macronucleus is ringed with black deposits at its cortex. (e) A pair of 14-h conjugants. Dark deposits, indicative of AP activity, fill the condensed macronucleus of the upper cell. In the lower cell AP deposits occupy a site where the condensed macronucleus should be, but DAPI positive material is not seen, possibly because the DNA has already been digested. (f) A single cell, at 14 h after mixing mating types, resulting from pair separation. A slight amount of DAPI positive material is associated with a large deposit from AP activity located in the posterior of the cell. Bar=10 mm Cell Death and Differentiation Lysosomes and nuclear death E Lu and J Wolfe identify lysosomes, we can infer that lysosomes combine their contents with the macronucleus. In so doing, they form a nuclear autophagosome.
Autophagy, or self-digestion, is a general means for the intracellular disposal of obsolete proteins or organelles. Two different pathways for autophagosome formation have been described.
In one, membranous outpocketings from the endoplasmic reticulum surround components such as aged mitochondria and sequester them from the remaining cytoplasm. Secondarily, lysosomes fuse with the doublemembranes enclosing structure, and when the inner membrane dissolves, an autophagosome is formed. Degradation of the engulfed organelles ensues. 21, 22 In the second model, which does not involve the endoplasmic reticulum, primary lysosomes flatten and fuse with one another and spread directly as a double membrane structure enclosing cytoplasmic areas or organelles to be degraded. 23, 24 When the inner membrane of the flattened lamella disintegrates, it leaves an autophagosome enclosing the component(s) to be digested. 25, 26 In yeast, autophagy occurs by a modification of the lysosomal wrapping pathway. 27 In that system the large acidic vacuole contains a wide variety of hydrolases and is considered to be homologous to lysosomes in animal cells. 28, 29 The process of autophagy involves formation of a double-membrane structure derived from the vacuole, which wraps around cytoplasmic components or organelles. This is followed by disintegration of the inner membrane. Once this occurs, an autophagosome is formed and hydrolytic enzymes inside the vacuole digest the enclosed cellular material. 30 From the results presented here, it appears that autophagy in Tetrahymena also occurs by the direct lysosomal pathway. Just prior to macronuclear condensation, acid phosphatase-containing bodies corresponding to acridine orange positive vesicles, become preferentially localized to the posterior end of the cell. They then aggregate around the nucleus as it condenses. The condensed nucleus becomes acridine orange-positive, and is differentially stained by apofluor. At this stage acid phosphatase-containing`caps' appear at the nuclear envelope. This material increases until it completely encircles the macronucleus. At a later time, when macronuclear degradation is at a more advanced stage, acid phosphatase becomes localized deeper inside the nucleus.
The co-localization of acid phosphatase with DAPIpositive material supports the hypothesis that lysosomal material and chromatin become enclosed in a common compartment. That fulfills the criterion for nuclear autophagosomy. Further, our findings are consistent with electron microscopic observations which showed that vesicles and a flattened lamella appear at the cortex of the condensed macronucleus. 31 On the basis of the cytochemistry reported here, we can now safely assume that those vesicles correspond to lysosomal bodies, that the lamella is derived from their fusion, and that its presence at the cortex of the macronucleus represents autophagosomy in process. The sequence of events in this proposal most closely corresponds to the lysosomal-wrapping model, 23, 24 and is illustrated in Figure 7 .
Lysosomes are increasingly thought to play an important part the clearing of apoptotic bodies in multicellular organisms. 32 Neighboring cells phagocytose cell fragments, some of which include nuclei, or nuclear pieces, that break off from apoptotic cells. 33 Thymic nurse cells enclose apoptotic thymocytes within specialized intracellular vacuoles during T cell development. 34 In C. elegans the significance of clearing apoptotic bodies by phagocytosis has been studied through mutational analysis. 35 It has now been reported, for both mice and C. elegans, that phagocytosis is necessary for DNA digestion in mutant apoptotic cells that lack the functional capacity to autonomously conduct nuclear degradation. 36, 37 In these cases it is the lysosomes of the phagocytes that are responsible for the degradation. 32 Nuclear autophagy during macronuclear elimination in Tetrahymena probably represents the equivalent process, though performed intracellularly.
Based on these studies we propose a two-stage process, apoptotic induction followed by autophagic completion, for the elimination of the old macronucleus in Tetrahymena. Apoptotic induction is evidenced by TUNEL staining, 4 digestion of DNA into nucleosome-sized multiples, 3, 4 an elevation of caspase activity during macronuclear elimination and the blockage of macronuclear condensation by inhibitors of caspase activity. 5, 38 Caspase activity may be related to the initial cleavage of DNA into large pieces, since such cleavage may initiate chromatin condensation, 39 ± 41 and inhibition of DNase activity by aurin prevents macronuclear condensation. 4 The digestion of DNA into nucleosome sized fragments may also be controlled by caspases, as in mouse cells where an inhibitor of DNase is cleaved by a caspase, thus liberating its activity. 42 The second stage, autophagy, is evidenced by the apparent acidification of the condensed macronucleus, 6 the localization of acid phosphatase to the macronucleus as it degrades, and the electron microscopic demonstration of lamellar vesicles enclosing the condensed nuclear structure. 31 It is an extraordinary feature of ciliates, resulting from its binuclear condition, that a nucleus can be eliminated even while the cell continues to live. This feature may make such cells particularly useful for analysis of the specific regulation of nuclear death, apart from the degradation of the rest of the cell. It also raises the interesting question about how nuclei in a common cytoplasm are distinguished from one another. Postzygotic nuclear products in a common cytoplasm differentiate into macronuclei or micronuclei 43, 44 , and in the same cytoplasm, some nuclei disintegrate and disappear while others remain. It will be fascinating to find out how certain specific nuclei are selectively designated for differentiation or for elimination.
Some have proposed that apoptosis developed in multicellular organisms as a way to eliminate unwanted or malfunctioning cells, e.g. 45 However, our studies on macronuclear elimination in Tetrahymena suggest that the machinery for apoptosis may have originated in unicellular organisms. The occurrence of some form of regulated cell death in other unicellular organisms and protistans, 46 ± 50 also supports this view. Perhaps mechanisms developed early in evolution were later adapted by multicellular organisms for the selective elimination of particular cells. 51 
Materials and Methods

Cell growth
Cells used in this study were mating types 2086 and 428 of Tetrahymena thermophila, developed by Peter Bruns at Cornell University. Concentrated (106) medium, stored at 7208C in capped bottles, was prepared as 10% proteose peptone (Difco), 1% yeast extract, 1% glucose, and 0.001% Fe 2+ EDTA. The concentrate was thawed and diluted 10-fold for growth medium, as needed, and autoclaved.
Stock cultures were grown with 2 ml medium in a 5-ml disposable culture tube and were subcultured every 2 weeks or so. For experiments, larger cultures were prepared, e.g. 50 ml of medium in 250-ml capped bottles. Cells were grown for 2 ± 3 days, without agitation, to early stationary phase (*2.5610 5 cells/ml) at 308C.
Conjugation
To prepare for conjugation, cells were washed by low speed centrifugation (8006g in an IEC-PRG refrigerated centrifuge) twice in 10 mM Tris buffer, pH 7.4, and were starved overnight at twice their cell density. Equal volumes of two complementary mating types were mixed in sterile containers with a surface area to volume ratio of 20 : 1 and were incubated at 308C. Samples of 0.1 ± 0.2-ml aliquots were transferred to microfuge tubes at different time points, and were fixed with an equal volume of 20% formaldehyde neutralized with 0.01 M phosphate buffer, pH 7.2. Cell pairing was analyzed by phase contrast microscopy using a 206objective. A microscope slide was scanned from ones side of a coverslip to the other, back and forth until 200 cells were scored. The percentage of pairing was calculated using the formula: number of cells in pairs6100 divided by the total number of cells as single cells and cells in pairs. Typically, pairing was first observed at 1 h after mixing and cell pairing reached 70 ± 80% by 4 h.
Acid phosphatase colorimetric assay
Acid phosphatase activity was assayed colorimetrically, 18 using a kit obtained from Sigma. Cell samples (10 ml) were taken at various times during conjugation in a 24-h period. After centrifugation at 8006g for 5 min at 48C r.p.m., pellets were lysed by adding 2 ml 0.3 M KCl+0.1% Triton X-100. The lysate was centrifuged at 18006g to remove cell debris. The resulting supernatant was transferred to 1.5-ml Eppendorf tubes and stored at 7208C until use. Absorbance was measured with a Spectronic 20 spectrophotometer at 410 nm.
Cytochemical localization of acid phosphatase
Method I Following the procedure of Go È mo È ri, 52 cells were fixed on ice for a minimum of 30 min in 2% glutaraldehyde, freshly prepared in 0.05 M phosphate buffer, pH 7.4. After washing in 10 ml of 0.05 M sodium acetate buffer, pH 5.0, cells were resuspended in a 5-ml reaction solution with a final concentration of 10 mM b- Figure 7 A diagram illustrating a possible sequence of events leading to the formation of an autophagosome in which the condensed macronucleus would come to possess AP activity glycerophosphate and 3 mM lead nitrate. At the end of a 30-or 45-min incubation period at 378C, cells were washed in 5 ml of 10 mM Tris buffer, pH 7.4, three times to terminate the reaction. A 1-ml aliquot was treated with 1 ml of 1% sodium sulfide for 5 min. The sample was washed in 10 mM Tris buffer, pH 7.4 and resuspended in distilled water.
Method II Using the AzoDye procedure of Anderson, 53 5-ml samples of cells were fixed at various times after mixing mating types in an equal volume of 2% glutaraldehyde (in later experiments, 20% formaldehyde) in 0.05 M phosphate buffer, pH 7.4 on ice for a minimum of 30 min. They were washed with 2.5 M sodium acetate buffer, pH 5.2, three times, to completely remove the fixative. Pellets were resuspended and incubated in 1 ml of staining solution for 30 min at 378C. Staining solution (50 ml) was prepared with 46.0 ml of water at 378C, 2.0 ml 2.5 M acetate buffer, pH 5.2, 2.0 ml of naphthol AS-BI phosphoric acid solution, and 15.0 mg of Fast Garnet GBC salt, and was filtered. Two different control solutions were used. One consisted of 48.0 ml of water, 2.0 ml 2.5 M acetate buffer, pH 5.2, and 15.0 mg of Fast Garnet GBC salt. The other lacked Fast Garnet. Staining solution was prepared freshly for each experiment and was brought to room temperature prior to incubation.
To terminate the reaction, samples were washed with 10 mM Tris buffer, pH 7.4, three times, and then resuspended in distilled water.
Cytological analyses
DAPI staining Nuclear morphology was observed by staining fixed cells with the fluorescent dye, 4,6-diamidino-2-phenylindole (DAPI). Two hundred-microliter samples were withdrawn at appropriate times and fixative was removed by centrifugation in a microfuge for 30 s. Cells were resuspended in 200 ml 10 mM Tris and stained with 10 ml of 10 mg/ml DAPI. After 5 min they were centrifuged again, and resuspended in 200 ml NPG (25% glycerol and 1% N-propylgallate in 0.01 M phosphate buffer at pH 7.0) to retard photo-bleaching. 54 Cells were observed with a fluorescence microscope using the filter for blue light.
Apofluor staining Macronuclear condensation and lysosomal activity were observed in living cells by staining with apofluor, prepared with two parts of 100 ug/ml acridine orange and one part of 1 mg/ml Hoechst 33342. 6 One-ml sample of cells were taken at various times after mixing mating types, and transferred to 15-ml conical centrifuge tubes, to which 10 ml of apofluor was added. After 10 min of incubation with the vital stain, the cells were immobilized by anesthetization. Cells were observed with a fluorescence microscope using the filter for blue light.
Euchrysine staining Lysosomal activity was observed in living cells by staining the cells with euchrysine. One-ml samples of cells were taken at desired times and stained with 5 ml of 1 mg/ml euchrysine for 10 min followed by immobilization of the cells by anesthetization. Stained cells were observed under a fluorescence microscope with a filter for green light.
Anesthetization of living cells
Cells were stained and immobilized simultaneously, as reported previously. 10 In brief, one ml of cells was incubated with vital fluorescent stains for 10 min in a 15-ml centrifuge tube. These cells were then centrifuged for 30 s in an IEC clinical centrifuge, and 900 ml of supernatant removed. The pellet was resuspended in the remaining 100 ml of fluid. While vortexing gently, 10 ml of 4 mM dibucaine (City Chemical Corp., NY, USA) in 0.01 M Tris, pH 7.4 was added. The tubes were maintained at room temperature without agitation for exactly 85 s (after about 6 h of conjugation a 90 ± 100-s wait is necessary), and 9 ml of 0.01 M Tris (pH 7.4) with 0.01 M sucrose was added. The cells were centrifuged for 30 s, after which the supernatant was discarded, removing both the dibucaine and excess stain, and 1 ml of fresh Tris/sucrose solution was added. Under these conditions, cells typically remained immobilized for about 30 min.
Microscopy and image analysis
Observations were made with a Zeiss Axioplan microscope, using a 1006oil-immersion objective. Exposure time was either 8 or 15 s, 1/4 of that prescribed by the automatic camera. Reciprocity was maintained at 5. Images were recorded using Fujichrome Sensia II 200 ASA slide film, transferred to a computer via a Polaroid SprintScan 35 Plus film scanner, and printed with a Kodak DS 8650 PS Color Printer, using Adobe Photoshop 5.0 to label and adjust the size and position of the images.
Reagents
Unless otherwise specified, all reagents were obtained from Sigma.
